e m&hode, on p r k t e quelques r6sultats exp6rheataux pour un j e t plasma air-azote 8 l a sortie de l a tomhe.
INTRODUCTION Term of thermal o r dense plasma i s r e l i e d with p a r t i a l l y d i s s o c i a t e d o r i o n ized gas, b u t n o t s o r a r e f i e d t h a t r a d i a t i o n processes of energy t r a n s f e r becomes dominant compared t o p a r t i c l e s c o l i s i o n processes. Term of thermal plasma
is c l o s e l y connected with t h e condition of l o c a l thermodynamic e q u i l i b r i u m (LTE) which implies unique value of temperature f o r every p a r t i c l e a t one s i ng l e p o i n t . Greater d e v i a t i o n s from e q u i l i b r i u m plasma should be expected a t lower .pressures (<0.1 b a r ) .
Experimental i n v e s t i g a t i o n of flow parameters f o r dense o r thermal plasma (high temperature 5000-15000 K , multiphase flow, chemical r e a c t i o n s ) i s very complex problem. For d i a g n o s t i c s of t y p i c a l plasma flows, p l e n t y of c o n t a c t and o p t i c a l methods a r e p r e s e n t l y i n use.
Temperatures of 5000 K and more exceed melting p o i n t of a l l t e c h n i c a l materia l s , s o some s p e c i a l c o n s t r u c t i o n s had t o be developed t o enable a p p l i c a t i o n of c o n t a c t methods. Contact methods a r e based on small dimension probes: a)coo l e d f o r s t a t i c ( p o i n t by p o i n t ) measurements and b) uncooled f o r dynamic measurements. Although c o n t a c t methods induce some flow disturbance and u s u a l l y gives lower accuracy ( t y p i c a l range (5-10%) compared with o p t i c a l methods,-a r e widely used i n thermal plasma d i a g n o s t i c s because:
-they a r e based on cheap commercial sensors and instruments, -they can be quickly i n s t a l l e d , and e a s i l y and inexpensively used, -they can measure a whole p r o f i l e o r even a flow f i e l d i n a s h o r t period of time ( f o r dynamic methods t y p i c a l scanning period i s of t h e o r d e r 1 s e c ) . Paper p r e s e n t s development and a p p l i c a t i o n p o s s i b i l i t i e s f o r : 1) miniature cal o r i m e t r i c o r enthalpy probe, 2 ) dynamic method of f l y i n g Pitot-probe and
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3) dynamic method o f f l y i n g thermocouple.
ENTHALPY (CALORIMETRIC) PROBE
For measuring t h e d i s t r i b u t i o n of p r e s s u r e and e n t h a l p y i n thermal plasma flows (T<15000 K ) , e n t h a l p y probe i s widely s p r e a d e d experimental.method /1,2,3,4/. T h i s method e n a b l e s measuring t h e l o c a l v a l u e s of s t a g n a t i o n p r e s s u r e and ent h a l p y i n flow f i e l d w i t h h i g h g r a d i e n t s of thermodynamic and flow parameters. S p e c i a l advantage of t h i s method i s h i g h quenching v e l o c i t y of "gas-sample" which e n a b l e s a s i m u l a t i o n of f r e e z i n g d e v i c e i . e . examination of p o s s i b l e p r o d u c t s of chemical r e a c t i o n . For t h i s r e a s o n e n t h a l p y probe i s widely used I n plasma chemistry and m a t e r i a l p r o c e s s i n g .
Method i s based on two measurements i n each measuring p o i n t : w i t h and w i t h o u t a s p i r a t i o n o f "gas-sample" through t h e c e n t r a l channel o f d i a m e t e r d i ( f i g u r e 1 ) . I n regime w i t h o u t a s p i r a t i o n , s t a g n a t i o n p r e s s u r e and " t a r a " h e a t f l u x ( % ) from plasma through o u t e r probe s u r f a c e t o c o o l a n t w a t e r a r e measured ( Q~=~c @ T~; m-mass flow r a t e , d p -s p e c i f i c h e a t c a p a c i t y and Tb-temperature rise o f c o o l a n t w a t e r ) . I n regime w i t h a s p i r a t i o n , h e a t f l u x t o c o o l a n t w a t e r i s e q u a l t o t h e sum of h e a t f l u x through t h e o u t e r probe s u r f a c e (Qa) and h e a t f l u x from "gas-sample" (mcp~Ta=Qa+G(hi-h,); h i and h, a r e s t a g n a t i o n e n t h a l p y of t h e "gas sample" a t t h e i n l e t and o u t l e t of t h e probe. I f a s p i r a t i o n i s i s ok i n e t i c s i . e . i f mass flow r a t e of gas sample G, i s e q u a l ( o r l e s s ) t o t h e f r e e s t r e a m mass flow r a t e ( G S~W~? T /~; W and p a r e f r e e s t r e a m v e l o c i t y and d e n c i t y o f t h e q a s a t t h e i n l e t o f t h e p r o b e ) . h e a t f l u x e s t o t h e o u t e r probe s u r f a c e i n two regimes e n t h a l p y : a r e e q u a l (Qa=Qb)-and o b t a i n formula f o r measured S t a g n a t i o n There a r e few b a s i c requirements which e n t h a l p y probe h a s t o meet i n o r d e r t o q u a l i f y it self as a d i a g n o s t i c s t o o l :
1) The probe h a s t o be r i g i d and t h e r m a l l y p r o p e r l y p r o t e c t e d t o s u r v i v e e x t r emely h o s t i l e environment o f plasma flows.
2 ) The probe must b e s m a l l enough t o e n s u r e s u f f i c i e n t s p a r t i a l r e s o l u t i o n and s m a l l d i s t u r b a n c e o f t h e flow. 
3) The probe h a s t o b e s e n s i t i v e t o d e t e c t e n t h a l p y v a r i a t i o n s i n flow f i e l d w i t h h i
and c o n s t r u c t i o n w i t h s t a -
i n l e s s s t e e l t u b e s argon welded a t t h e probes t i p , e n a b l e r e l i a b l e work o f t h e probe i n thermal plasma w i t h e n t h a l p y up t o 10 MJ/kg, s t a g n a t i o n h e a t f l u x up t o 8 MW/m and mass flow r a t e o f c o o l a n t w a t e r of minimum 10 g / s , and h i g h sens i t i v i t y of t h e probe S= (ATa-&Tb) /bTa<27%. Accuracy o f t h e measurement depends &a accuracy of measurements of temperature and mass flow r a t e o f c o o l a n t w a t e r , and o f measurement o f mass flow r a t e of gas through t h e c e n t r a l channel of t h e probe, and h a s been determined a p p r o x i m a t e l l y a t 5% /5/. Under t h e assumption of LTE One can c a l c u l a t e t e m p e r a t u r e from measured v a l u e of s t a g n a t i o n enthalpy, and v e l o c i t y from measured v a l u e o f s t a g n a t i o n p r e s s u r e . This means t h a t u s e of e n t h a l p y probe a t r e a l e x p e r i m e n t a l s i t u a t i o n ( f r e e j e t , model of plasma react o r ) e n a b l e s one t o g e t d i s t r i b u t i o n of f o u r b a s i c flow p a r a m e t e r s . From t h e expences p o i n t of view, t h i s i s g r e a t advantage i n comparison w i t h o t h e r exper i m e n t a l methods f o r plasma flows d i a g n o s t i c s . F i g u r e s 5-8 p r e s e n t a x i a l prof i l e s of j e t flow f i e l d w i t h c o n s t a n t v a l u e l i n e s of s t a g n a t i o n e n t h a l p y , s t a gn a t i o n p r e s s u r e , temperature and v e l o c i t y o b t a i n e d from measurement by e n t h a l p y probe f o r one working regime o f t h e e x p e r i m e n t a l plasma t o r c h .
DINAMIC MEASUREMENT OF STAGNATION PRESSURE
Dynamic measurement i s based on f a s t p a s s i n g s w i t h P i t o t -p r o b e a l o n g t h e diamet e r o f plasma flow /6,7/. Experimental i n s t a l l a t i o n i s s c h e m a t i c a l l y p r e s e n t e d a t f i g u r e 3. An uncooled P i t o t -p r o b e 2 , w i t h p r e s s u r e t r a n s d u c e r 3, i s f i x e d d i r e c t l y on pendulum 1. Pendulum o s c i l a t e s w i t h i n t h e p l a n e p e r p e n d i c u l a r t o j e t a x i s . During t h e r a p i d probe f l i g h t a c r o s s t h e j e t , p r e s s u r e s i g n a l i s r ecorded i n memory of computer.
O p t i c a l p o s i t i o n d e t e c t o r 4 i s used t o c o s r e l a t e
-it i s r e l a t i v e l l y unexpensive and simple method.
-probe can w i t h s t a n d e x t r e m e l l y high t e m p e r a t u r e s .
-a whole p r e s s u r e p r o f i l e can be measured i n v e r y s h o r t p e r i o d o f time.
-uncooled probe with s m a l l dimensions can be used w i t h minimal flow d i s t u r -
where i s : X -d i s t a n c e from i n l e t , a l o n g P i t o t probe, T-time, U -v e l o c i t y , p-press u r e , R -f r i c t i o n r e s i s t a n c e , p-density, C-speed o f sound. Laplace t r a n s f o r m o f t h e above e q u a t i o n s g i v e s d i f f e r e n t i a l e q u a t i o n wich governs dynamic b e h a v i o r of t h e pneumatic system i n complex ( f r e q u e n c y ) domain. T r a s f e r f u n c t i o n @ ( S ) of t h e pneumatic system i s a r a t i o o f t h e s o l u t i o n s of t h i s d i f f e r e n t i a l equat i o n a t t h e boundaries of t h e system i . e . p r e s e n t s t h e r a t i o between i n l e t s i g n a l , P (x=O , S ) , and i t s r e s p o n s e i n volume V 2 , P ( x = l l , S ) , i n complex a r e a : P ( x = l l , S )
@ ( S ) = P(x=O,S) = {cosh ( L J (~+ s p ) s / p J + VL J ( R + S P ) S / P s i n h I L J (~+ s p ) s / p l } t 4 ) e where i s : S -l a p l a c e t r a n s f o r m v a r i a b l e , ~= 3 2 p / d f ( d e r i v e d f o r l a m i n a r flow from Hagen-Pois'euille l a w ) , L = l l / c , V=V2/V1 ( F i g . 4 ) . T r a n s f e r f u n c t i o n can B@fve a s a b a s e f o r s e l e c t i o n of t h e p r e s s u r e t r a n s d u c e r and d e s i g n of P i t o t t u b e w i t h good dynamic c h a r a c t e r i s t i c s . M a i n demands f o r t h i s purpose a r e following:
-volume V2 above t h e t r a n s d u c e r membrane has t o be minimized,
-l e n g t h o f P i t o t -p r o b e t u b e h a s t o be a s s h o r t a s p o s s i b l e , having i n mind t h a t such an o p t i m a l l e n g t h can s t i l l p r o t e c t t r a n s d u c e r a g a i n s t high thermal S t r e s s e s , -an o p t i m a l i n t e r n a l d i a m e t e r o f t h e P i t o t -p r o b e t u b e h a s t o be choosen i n a way t o meet a l o c a l measurement requirements and t o g i v e a good dynamic c h a r a c t e r i s t i c of t h e measuring system a t t h e same time.
Beside e r r o r s c h a r a c t e r i s t i c f o r s t a t i c P i t o t -p r o b e measurements, accuracy of t h i s method depends on dynamic c h a r a c t e r i s t i c s of t h e measuring system. With c a r e f u l s i z i n g of t h e probe and by c o r r e c t c h o i c e o f p r e s s u r e t r a n s d u c e r , r el a t i v e e r r o r can be d e c r e a s e d t o 5 % f o r d i a g n o s t i c s of plasma flows which h a s
been e x p e r i m e n t a l l y proved by c a l i b r a t i o n measurements / 7 / . Example of t h i s method performances i s shown a t f i g u r e 9 which p r e s e n t s i s o b a r s i n a x i a l c r o s s s e c t i o n of t h e j e t .
DYNAMIC THERMOCOUPLE METHOD Essence of t h i s method i s t o make a r a p i d p a s s i n g w i t h t h e j u n c t i o n of t h e thermocouple through t h e c r o s s -s e c t i o n of plasma j e t and t o ,record i t s tempe-
r a t u r e change. R a d i a l p r o f i l e o f j e t t e m p e r a t u r e can be c a l c u l a t e d by process i n g of continuous temperature r e c o r d i n g s from two o r more p a s s i n g s ( f i g u r e 2 b ) . I n t h e f i r s t p a s s i n g s t a r t t e m p e r a t u r e o f thermocouple i s e q u a l t o room temper a t u r e b u t i n t h e second thermocouple i s h e a t e d t o t e m p e r a t u r e 400-500°C. I f we n e g l e c t r a d i a t i o n of t h e t i p , we can assume t h a t c o n v e c t i v e h e a t f l u x q ( r 1 ) a t any observed p b i n t ( p o i n t A, f i g u r e 2a) can be o b t a i n e d by d i f f e r e nt i a t i n g of r e c o r d e d temperature s i g n a l T s ( r ) of s p h e r i c thermocouple ( w i t h r a d i u s R ) .
where p i s d e n s i t y o f thermocouple m a t e r i a l and Cp i s i t s s p e c i f i c h e a t capac i t y . Under t h e assumption t h a t c o n v e c t i v
e h e a t t r a n s f e r c o e f f i c i e n t s from plasma t o thermocouple t i p , a t t h e same observed p o i n t A, b u t i n d i f f e r e n t p a s s i n g s , a ' ( r l ) and a" ( r l ) , a r e e q u a l , we o b t a i n :
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from t h i s equation we f i n a l l y o b t a i n expresion f o r c a l c u l a t i n g t h e temperature of t h e plasma j e t a t observed p o i n t A. -it has t o be high enough t o avoid t h e melting of thermocouple, -i t has t o be small enough t o l i m i t t h e i n i t i a l i r r e g u l a r regime of h e a t i n g t h e thermocouple, t o small region of t h e j e t (1/20 of j e t diameter) /8/. Temperature probe i s schematically presented a t f i g u r e 2b. K type thermocouple (chromel-alumel) has been used due t o i t s l i n e a r c h a r a c t e r i s t i c s . Thermocouple t i p was s p h g r i c , with 0.95 mm i n diameter. Demand f o r e q u a l i t y of convective h e a t t r a n s f e r c o e f f i c i e n t s a '(r) and a" ( r ) i s hard t o be f u l l f i l e d i n p r a c t i c e . C e r t a i n d i f f e r e n c e between temperature of t h e film, surrounding s p h e r i c thermocouple t i p , i n two passings can cause d i fference i n h e a t t r a n s f e r c o e f f i c i e n t s of few percentages. Ratio between t h e s e b o e f f i c i e n t s K = a ' ( r ) / a l ' ( r ) can be experimentaly determined from t h r e e o r more passings along t h e same diameter of t h e j e t . Value of K should be c o n t r o l l e d and c e r t a i n c o r e c t i o n s i n c a l c u l a t i o n procedure should be involved each time when K i s g r e a t e r than 1.02. This value of K involves systematic e r r o r i n cal c u l a t i o n by expression ( 7 ) o f about 8% i n t h e d i r e c t i o n of i n c r e a s i n g t h e temperature. On t h~ o t h e r hand c a l c u l a t i o n ( 7 ) i s c a r r i e d o u t under t h e ass& p t i o n of i d e a l i z e d h e a t t r a n s f e r regime from j e t t o thermocouple. Radiation of thermocouple junction i s neglected a s w e l l a s conduction l o s s e s i n i t s w i r e s . This causes s y s t e m a t i c e r r o r l e s s than 7.5% i n t h e d i r e c t i o n of decreasing t h e c a l c u l a t e d temperature. Systematic e r r o r s mentioned a r e o p o s i t e i n s i g n and they a r e balancing each o t h e r t o c e r t a i n amount.
While d i f f e r e n t i a t i n g hemperature s i g n a l s and c a l c u l a t i n g h e a t f l u x by express i o n (5), a d j a c e n t e r r o r occurs, which can be decreased by using equipment f o r automatic d a t a c o l l e c t i n g with high frequency. Sumar e r r o r of t h e method does n o t exceed 1 0 % , and having i n mind s i m p l i c i t y and e x p e d i t e v i t y of measuring procedure, we can conclude t h a t t h i s method can be r e a d i l y used when high accuracy of measurement i s not an imperative. Figure 1 0 p r e s e n t s t h r e e r a d i a l temperature p r o f i l e s f o r one working regime of experimental plasma t o r c h obtained by processing of continious temperature recordings f o r s e v e r a l passings p e r cross-section.
CONCLUSION
General adventage of methods described i s t h e i r simple c o n s t r u c t i o n and, accarding t o t h a t , t h e i r r e l a t i v e l y low c o s t , compared t o d i f f e r e n t c o n t a c t l e s s methods. P a r a l e l use of these methods enables complete d i a g n o s t i c s of plasma flow f i e l d , with g e t t i n g a l l s i g n i f i c a n t flow parameters, f o r r e l a t i v e l y s h o r t time. Accuracy of t h e s e methods i s of t h e o r d e r 5 t o 10%, and from experiment a l i n v e s t i g a t i o n of plasma flows p o i n t of view, i s completely s a t i s f a c t o r y . During t h e developing process of c e r t a i n plasma technology, when g l o b a l diagn o s t i c s of temperature and flow f i e l d s a r e of p r i o r i n t e r e s t , t h e s e methods a r e of g r e a t importance. When main t a s k of measurement i s t o c o l l e c t e x p e r imental d a t a f o r mathematical modelling of plasma flow processes, where high accuracy of measurements a r e of g r e a t importance, t h e i r a p p l i c a t i o n is l i m i t e d . 6. LITERATURA / l / J.Grey, P.F.Jacobs, M.P.Sherman: Rev.Sci. Instrum. 33 (19621, No 7, pp.738-741 . IF^, 30, (19761, No 3, pp.35-39. l-water inlet and outlet 2-micro orifice 3-electromagnetic valve 4-vacuum pump 5,6-differential pressu-re transducer 
